As building design and operation changes to meet the goals of sustainability, it is critical to address indoor air quality issues such that indoor environmental conditions are maintained. Among the indoor air contaminants of concern in this context are ultrafine particles, which have been shown to have significant health effects. Transport and fate of ultrafine particles in a building is a function of building ventilation and system operation conditions. The objective of this study is to investigate the use of a multi-zone airflow/contaminant transport model (CONTAM 3.1) for prediction of particle transport to support sustainable building design. Simulations were performed to predict outdoor particle entry into a building with different window positions, which were then compared with experimental measurements. The results indicate that indoor particle concentration varies with ventilation rate, particle penetration, and deposition loss. The results also suggest that the CONTAM model can be used in building design for prediction of particle entry into a building to investigate the impacts of various building design decisions and operating strategies.
INTRODUCTION
Indoor environmental quality is a significant goal of sustainable buildings (Persily and Emmerich 2012) . Buildings and their ventilation systems should be designed to control indoor air contaminants in occupied spaces. Among many airborne contaminants in indoor environments, ultrafine particles (UFP, <100 nm in diameter) are of great interest given that they have been associated with adverse health effects such as oxidative damage to DNA (Bräuner et al., 2007) and cardiac and respiratory mortality (Stölzel et al., 2007; Oberdörster et al. 2007 ).
In the absence of indoor sources, UFP concentrations in buildings are determined by the entry of outdoor air particles. Especially in urban environment, penetration of outdoor UFP into buildings has a significant impact on elevated UFP levels in occupied spaces. Indoor UFP concentrations of outdoor origin vary with building and system design characteristics as well as system operation. Given the challenge of measuring indoor-outdoor UFP dynamics in buildings, modeling offers the ability to investigate design decisions and operational strategies.
The objective of this study is to investigate the ability of modeling to predict transport of particles of outdoor origin into buildings. This study develops a framework to model infiltration of ambient UFP into buildings under various building operation and weather conditions. The present study also validates the UFP transport of the multi-zone building model using full-scale experiments in a residential test building.
METHOD Validation Experiments
Measurements were conducted in a full-scale one-level test building (see Figure 1 ). The test building consists of three bedrooms, two baths, kitchen, family room, and living area, having a floor area of 140 m 2 and a volume of 340 m 3 . Detailed conditions for each test are summarized in Table 1 . Figure 1 ) open 650 cm 2 each. During the experiments, indoor and outdoor UFP ranging from 3 nm to 100 nm were monitored in the master bedroom, using Scanning Mobility Particle Sizer (SMPS). Outdoor air change rates were measured using periodic injection of a tracer gas (SF 6 ) in 7 rooms of the house and monitoring of SF 6 decay with an electron capture detector. A central air distribution fan, which is a part of the heating and cooling system in the building, was always on during these tests to mix the interior air at the rate of 2000 m 3 /h or about 6 air changes per hour. Under closed-window condition, the tracer gas decay rates typically agree across all rooms to within 10 % RSD. When one window is open, the majority of RSDs remain within 10 %; however, when two windows are open RSDs were sometimes increased, but were still generally within 20 %.
For each experiment, three time-varying variables were monitored: air change rate (a), indoor concentration (C in ) and outdoor concentrations (C out ). The indoor concentration (C in ) resulting from the entry of outdoor particles can be expressed by the mass balance equation:
where P is the penetration coefficient (dimensionless); a is the air change rate (h -1 ); k is the rate of UFP deposition onto interior surfaces, including ductwork and furnace filters for the building with forced air (h -1 ), and C in and C out are the indoor and outdoor UFP number concentrations (#/cm 3 ), respectively. Using the difference form of the mass balance model (1), the estimates of penetration coefficient (P) and deposition loss rate (k) were determined based on the sum of squared errors that represents the difference between the modeled and measured indoor concentrations (Rim et al. 2010) . Particle deposition onto interior surfaces, including ductwork and furnace filters is a first-order loss mechanism. The penetration coefficient (P) is the fraction of outdoor particles that enters a building with infiltrating air as it moves through the building envelope. The penetration coefficient (P) and deposition loss rate (k) observed with all windows closed are summarized in Table 2 . The P and k values calculated for different particle sizes were used as inputs in the simulation to predict indoor concentrations. 
CONTAM Simulations
The test building described in the previous section was modeled using the CONTAM multi-zone air movement and contaminant transport program (Walton and Dols 2005) . The CONTAM predictions of indoor-outdoor UFP transport were compared to the twelve measurements performed in the test building. Figure 2 shows a floor plan of the house in the CONTAM interface that shows the different zones, airflow paths (doors, wall joints, windows, etc.), and ductwork on the main floor of the building. The attic and crawl space were also included in the model but are not shown here. The leakage area of the individual airflow path was estimated from blower door tests of the house. This data along with ambient weather and contaminant data were used by CONTAM to calculate the airflow and indoor UFP concentrations.
Fig. 2 CONTAM depiction of the main floor of the test building

RESULTS AND DISCUSSION
Simulation vs. Experiments
Figures 3a-3d provide indoor and outdoor UFP concentration profiles over 24 h with all windows closed (ClosedW1) in the test building, both measured and predicted with CONTAM. The CONTAM results are presented in three different ways, depending on how deposition and penetration were handled. The figures indicate that CONTAM model can predict time-varying indoor concentrations with a reasonable accuracy when both deposition and penetration are considered.
Figures 4a-4d show measurement and simulation results for a case of two windows open (2WinOpn4). The figures demonstrate that for this open window case, deposition has a larger effect than penetration in the prediction of indoor concentration. The additional consideration of penetration only minimally improves model prediction. This result implies that as a building operates with open windows, UFP entry increases and the particle filtering effect of the building shell becomes less significant compared to closed windows. Although the simulation predicts UFP infiltration with greater accuracy for all windows closed cases, the prediction of UFP infiltration is less accurate for open window conditions and smaller particles. The larger discrepancy for the cases with open windows may be due to errors associated with the simplified airflow model that uses the mass flow power law formula to calculate airflow rate through an opening. Especially with one window opening, the simplified model might cause errors in the prediction of the inlet and outlet airflow rates within the opening. Also the model neglects the momentum effect of the wind blowing through an opening, which might increase uncertainties in the UFP transport prediction. This result indicates that accurate modeling of ventilation airflow is necessary for good predictions of airborne particle transport in a building. Nonetheless, Figure 5 shows that the simulation results can provide the general trend of particle infiltration into buildings for varied window opening conditions.
CONCLUSION
Control of airborne contaminant transport into buildings is important for the design and operation of sustainable buildings. The present study investigated the entry of outdoor ultrafine particles into a test building under three different window opening scenarios. CONTAM simulation and experimental validation were performed for a residential test building. The results show that both deposition and penetration should be considered to predict accurately the time-varying particle concentrations in buildings. With windows open, the filtering effect of the building shell decreases and more outdoor particles enter a building. The simulation predicts UFP enter with a great accuracy for all windows closed cases compared with windows open. The predictions are less accurate for open window conditions and smaller particles. The simulation results reveal that indoor particle concentration varies with ventilation rate, particle penetration, and deposition loss. However, the CONTAM model predicts the fate and transport of airborne particles with a reasonable accuracy, implying that such model can be used in early stages of building design to provide a insight into general trend of particle infiltration into buildings under various building operating scenarios.
